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€0z adsorption/desorption on SBA-15 grafted with y-{aminopropyl) triet hoxysilane (APTS) has
been studied by infrared speetroscopy coupled with temperature-programmed desorption, SBA-
15, a mesoporous silica material with a uniform pore size of 21 nm and a surface area of 200—
230 m¥g, provides an OH functional group for grafting of y-(aminopropyl)triethoxysilane, The
amine-grafied SBA-15 adsorbed CO; as carbonates and hicarbonates with a total capacity of 200—
400 gmollg. The heat of CO; desorption was determined to be 3.2—4.5 kJ/mol in the presence aof
H:0 and 6.6—11.0 kd/mol in the absence of H:0 during temperature-programmed desorption,
Repeated CO: adsorption/desorption COp cycles shifted the desorption peak temperature
downward and decreased the heat of CO; adsorpeion.

Introduction

Aqueous amine solutions have been widely used to
separate C0; from gaseous streams in natural gas
processing, eoal gasification, and hydrogen production 2
The CO; separation process using aqueous amines
involves absorption of C0y into an amine solution and
the use of extensive energy for regencration of amine
solution. Although an amine solution is effective for CO,
adsorption, It presents a corrosion problem to equipment
and degrades through oxidation.® The solid sorbents
have been used to remove CO0y from air in enclosed
habitable environments such as submarine and space-
craft. 37 The selid surbent offers a number of advan-
tages: low energy requirement for sorbent regeneration
and elimination of corrosion problems, However, these
sarbents were not designed for large scale applications
such as the removal of CO; from flue gas of coal-fired
power plants. 9
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Continuous increases in COy emission and ics link 1o
global climate changes call for development of effective
approaches to address the large stationary CO; emission
sources, such as coal-fired power plants, which contrib-
ute to 36% of the anthropogenic CO; emission in the
United States.!" Concentrating COz from the flue gas
stream {eontaining 10-15% CO3) is the first step
sequester COz emission from coal-fired power plants.
Preliminary analysis has suggested that an economi-
cally feasible approach should cost less than $10 o
sequester a fon of CO; from stationary sources,!!
Development of an economic COy separatian process
requires @ highly elficient CO; sorbent. The sorbent
must possess high COgx-capture and long-term regencra-
tion capacity at the level above 2000 pmol/g with a small
difference in adserption and desarption temperatures
in the flue gas environment. One potential approach to
preparing such a sorbent is to gralt CO; adsorption sites
on the high surface area support.589

The ohjective of this paper is to investigate the CO,
adsorption/desorption process on mesoporous SBA-15
silica grafted with (aminopropyl) triethoxysilane (AFTS).
The NHy-functional group in APTS could provide CO,
adsarption sites; silane offers the linkage to bind APTS
to the SBA-15 surface; and SBA-15 possesses a high
surface area for grafting APTS. a large uniform pore
size to facilitate CO2 diffusion inside of the pore, and a
wall thickness of 35—65 A which provides a stahle
structure under hydrothermal condition. CO; adsorp-
tion/desorption studies show that SBA-15 containing
APTS can adsorh up to 400 gmelizs of CO= COz was
found to adsorb on the amine sites in the form of
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CO; Adsarpeion on SBA- 15 Grafted with APTS

Figure 1, Experimental apparatus.

carbonate and bicarbonate. These species desorb as CO,,
giving peak temperature in the range of 353—393 K
during temperature-programmed desarption, Since the
SBA-15 used in Lhis study has a surface area of 200—
230 m%g, further increase in the surface arca of SBA-
13 could bring the CO; capture capacity up to a level of
economical COy separation.

Experimental Section

Preparation of Mesoporous Material: SBA-15. SEA-
15 was prepared by using TEOS (tetrasthy] orthosilicace) as
a silica precurser, Pluronic P123 (PEOxPPORPEQz, poly-
(ethylene glycal)-black-poly(propylene glycol)-Slock-polyleth-
¥lene plyeol) as a template, TMEB (1,2 3-trimethylbenzene) as
an expander, and HCI to control pH." " The specific steps for
preparation of SBA-15 consist of (1) dissolving 4.0 g of Pluronic
P123 In 30 g of water and 120 ml (2.0 M) of HC1 solution at
room temperature, (2) mixing the resultant salution with 30
gol TME at 308 K for 2 h, (3) adding 8.5 g of TEQS Into the
resultant hamogeneous solution and sticring it at 308 K for
22 h. [4) aging the solution without stirring at 383 K for 24 b,
and {5} calcining the resultant solid particles from filtering
the aging solution in flowing air at 3 Kmin to 773 K and
holding it 773 K for G h.*"" The surface area of the untreated
SBA-13 and sarbent was determined by M; BET measurement
at 77 K the pore size was determined to be 21 nm by SAXS
[L.e.. small-angle X-ray scattering analysis),

Preparation and Characterization of the Sorbent.
SBA-1G grafred with y-{aminopropyl)tristhoxysilane (APTS)
was prepared by impregnating an APTS/toluene solution into
SBA-15." The impregnated sample was heated at 423 K for
20 hi In & vacuum oven to obtain APTS—SBA-15. APTS—5BA-
13 denotes the SBA-15 prafied with APTS. X-ray photoelectron
spectra (XPS) of SBA-15 and APTS—5BA-15 were detormined
by a PH15600¢ instrument with monochromatic Al Ko X-rays.

Adsorption and Desorption Studies, The experimental
apparatus in Figure 1 Includes a flow control manifold, a H:0
saturatar, a high temperature/pressure diffuse refllectance
infrared Fourier transform spectroscopy (DRIFTS) cell witha
Fourter transform infrared spectrometer, a fixed bed reactor,
and a mass spectrometer (MS5). Flow control manifold consists
of (1) & 4-port (A) valve for switching the Now from He to He!
L0y, {2} a B-port (B) valve for the injection of a known amaount
of CO; for calibration, and (3) a 4-port (C) valve for bringing
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Figure 2. Transmission Infrared spectra of SBA-15, fresh
APTS~5BA-15, and regenerated APTS-5BA-15.
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water vapor into-the inlet flow via a saturator. The details of
the experimental apparatus have been reported elsewhere, '

Each adsorption study employed 20 mg of APTS—SBEA-L5
for the DRIFTS cell and 180 mg for the fiked bed, Sorbent (200
mgl was exposed to a 30 mL/min He flow at 298 K far 1 h to
obtaln a stable MS baseline far OO and IR background
spectra, Valve C was then switched to allow He to flow through
the M:0 saturator for adding moisture (23,4 mmHg water
vapor) into the inlet He flow, Adsorption of CO; on APTS—
SBA-15 was initiated by a step switch from the He/H0 stream
to the COXHeH:0 stream with valve A. The flow rate of both
streams was kept at 30 mLmin 10 obtain a step change in
CO concentration. The CO- stream entering the IR cell
certaing 4% of CO; and 23.4 mmHg of water vapor balanced
with helium, Adsorbed COy was removed by temperature-
programmed desorption (TPD) in the Oow of He or Ha/H:0 at
30 mlimin at a heating rate of 10 K/min from 298 to 393 K
and halding at 393 K for 1 h. HeTR0 flow contains 23.4 nmHg
of water vapor. The effluent composition of the DRIFTS/Tixed
bed reactor was determined by MS; infrared spectra of the
adsorbed species during TPD were collected by DRIFTS,
Calibration of COy mie = 44 Intensity was carried out hy
injecting 1 mL of 4% CO;p inta 30 mL/min He stream with valve
B. The CO: MS calibration factor was obtained by dividing
the area under the CO; M3 curve by the number of maoles of
C0; injected.

Results and Discussion

Figure 2 shows the transmission infrared spectra of
SBA-15, fresh and regenerated APTS=SBA-15. The
regenerated APTS—-5BA-15 underwent 3 cycles of COy
adsorption/desarption. The decrease in the OH intensicy
as well as the presence of the W—H bands and the C—H
bands suggests thar APTS has been grafted on the
surface of SBA-15 through the following reaction:

(C,H.0),SiCH,CH,CH,NH, + 38i—0H —
(Si—0),—SiCH,CH,CH,NH, + 3C,H,0H (1)

where Si—0H represents the hydroxyl group on the
3BA-15 surface. The grafting reaction depleted the
majority of the available OH on the SBA-15 surface.
Fresh and regencrated APTS-5BA-15 show nearly

(18} Chuang, 5. 5, C.; Brundage, M. A Balakas, M. W.; Srinivas,
G. Appl. Spectrasc. 1995, 55, 235=241.



Table 1. XPS and BET Results

pril intensity ratin

BET surface areh

sample /i IS /51 551 (en*fzram)
untreated 3BA-15 i} 1.00 203.6
fresh sample (APTS-5BA-15) 1.50 034 1.5 1600 249.2
Hit TPD repenerated sample 1.35 3z L.a7 1.an 195.3
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Figure 3. X-ray photoclectron spectra of (a) SBA-15, and (k) A T e e e wi

fresh APTS—5BA-15.

identical IR intensity for the N—FH and C—H bands;
indicating that the grafred APTS stays intact during
CO:; adsorption/desorption cycles.

Figure 3, parts a and b, show X-ray phatoelectron
spectra of the untreated SBA-15 and fresh APTS—SBA-
13, respectively. AFTS—5BA-15 exhibited a C; peak
and a M. peak in addition to Sig, Siz, and Oy, peaks,
suggesting the presence of APTS an the SBA-15 surfare.
Sz, and Sizp peaks on SBA-15 and APTS—5BA-15 gave
the same binding energy, indicating that Si from silane
is indistinguishable from 5i on the SBA-15. The weak
carbon peak on SBA-15 in Figure 3a can be attributed
to the residual organic on the SBA-15. The XPS inten-
sily ratio listed in Tahle 1 shows that the N/SI ratio
remained at the same level alter repeated adsorption/
TPD of COz in either He or H:OVHe environment. The
KPS resules further confirmed that grafted APTS stayed
Intact on the SBA-15 surface during CO: adsorption/
desorption cycles.

Figure 4 shows IR speetra of CO;p adsorption on the
fresh APTS—35BA-15. Exposure of APTS-SBA-15 1o the
He/HpO stream did not result in any obvious changes
in the IR spectra. Flowing the COz over AFTS—SBA-15
produced bidentate bicarbonate at 1634 cm™!, bidentate
carbonate at 1575 and 1390 ¢m™!, monodentate hicar-
bonate at (493 and 1432 cm!, and monodentate
carbonate at 1337 om~ %" The structure of these
adsorbed species is shown in Table L. Bands in the 1595,
1440, and 1330 em™! regions may be associated with
carbamic acid. However, the bond energy of carbamic
acid's C—N bond is at the level of 300 kJ{fmol, which is
significantly higher rhan the heat of CO; adsorption on
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4303,
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Figure 4. Tnfrarcd spectra of COs adsorption on the fresh
APTS— —5BA-15:

APT5—5BA-15. Carbamie acid (RNHCOOH) has been
suggested as a precursar for the formation of R—MNHs™
species which involves the following steps:

CO, + RNH; — RNHCOOH (2)
where R is an alkyl group,
RNHCOOH + RNH, — RNCOO™ + RNH,™ (3)

€0y can also react with Ho0O and OH - to produce HCOy—
and COz5 2

CO, + H,0—HCO,” +H* (4)
CO, + OH™ — HCO,~ (5)
€O, + 20H — CO;* +H,0 (6)

The interaction of HCO3™ and CO:* with (3i—0)3—
SiCHCHCHMNHyT could lead to the farmation of
adsarbed carbonate and bicarbonate, listed in Table 2,
The CO: MS intensity profile, taken simultancously
with the infrared spectra of CO;z adsorption (Figure 4),
Is shown in Figure 5. The CO; M3 intensity profile
reflects the relative CO; concentration versus time at
the effluent of the fixed bed reactor during CO; adsorp:
tion. The sharp decrease in COy MS intensity profile in
Figure 5 and the growth of IR bands for adsorbed CO;
specles in Figure 4 reflect the rapid CO; adsorption on
the APTS—5BA-15. The COz MS intensity was returned
to the initial level upon saturation of the adsorption
sites with COp The arca of the resulting “well” in the
CO: M5 profile corresponds to the amount of CO;
adsorbed. The (resh APTS—SBA-15 adsorbed about 30%

(21) Danchwerts, P- V. (Do, Eng, Sof. 1979, 34, 443-446,



C0: Adsorption on SBA-15 Grafted with APTS

Table 2. Proposed Adsorbed Species on the APTS—SBA-15 Surface
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Figure 6. Infrared spectra of adsorbed CO; during CO; TPD
in He flow aver fresh APTS-5BA-15.

3350 3250

less €0y than the regenerated one. This is due to partial
saturation of APTS—5BA-15 with ambient CO; prior Lo
COy adsorption study.

Figure 6 shows infrared spectra of adsorbed COs
species during temperature-programming desorption in
the absence of H:0 over the fresh APTS—S5BA-15.
Inereasing temperature led to a decrease in intensity
of adsorbed COh species, Le., bidentate bicarbonate at
1634 cm™!, bidentate carbonate at 1575 and 1390
e~ 7 monodentate bicarbonate at 1493 and 1432
em~!, and monodentate carbonate at 1337 cm- . The

Figure 7. CO; desorption rate and IR intensity profiles for
adsorbed CO; species during TPD in He flaw over (a) fresh
APTS-5BA-15, and [b) regenerated APTS—SBA-15,

adsorbed species exhibited negative bands as the tem:
perature increased above 353 K. The negative band |s
due to using the fresh APTS—5BA-15 as the background
spectrum which consists of spectra of APTS—5BA-15
and adsorbed CO; species [rom ambient prior to COz
adsorption study.

Decreases in IR intensity of adsorbed CO; species is
accompanied by an increase in the C—H intensity at
2852 and 2932 con ' and the N—H intensity at 3372
cm b in Figure 6 as well as evalution of €Oy In Flpure
Ta. IR intensity profiles in Figure Ta were plotted from
the normalized 1R intensity of the selected bands in



Table 3. CO: Desorption Characteristics

TP in HefH, D Now

TPD in He Aow
amouil Ul prak heat of CO; wmount of peak Heat of GOy
B
CCy des, cemp. desorption COp des, temp. dessrption
fmolfgl (K] (klmaol)  famolig) (K (B emnt)
Fresh 227 393 5.67 308 I75 1.54
Ist Kep. 33l 393 10.86 a7 368 300
2nd Rep L 370 T.04 406 356 J.22
L
(a)
1453 A0LE
125 B
16349, '\\. 05
= ETGT e T B 5
Bag IKSEEF. 02937 4047
by 1 “=ris Z
'm | L.
73\ 035
El = il I': =
P4 a0 F.-"l I . -n.zz
8 e 2
o/ oA
e mrsiadias ]
ramping ralg 1
304 K 10 Kimin 303 K
‘ — 0.1
303 333 363 983
Toemperature (K}
- 0.7
by
" 356 K 05
1.2 I‘M
I 0.5
1483 | ¥
08 1‘;
‘:ﬂl g
E g U.Sé
= =
o4 02
a8 Kt
0.1
1]
a
03K 10 Kimin 3593 K
-0.1

303 333 363 3503
Temperature {K)

Figure 8. CO; desorption rate amd IR intensity profiles for
adsarbed CO; species during TPD in He flow aver (a) fresh
APTS-5BA-15, and (b) regenerated APTS—-SBA-15.

Fipure 6. The normalization of the IR intensity. was
achieved by dividing the magnitude of change in band
intensicy by the maximum intensity change of the band,
Comparison of the IR intensity profiles of the adsorbed
COyspecies with the CO; eveludon rate profile in Figure
7a revealed that the monodentate bicarbonate band at
1493 em ™! and the bidentate carbonate band at 1575
em~! were the major contributors to the COz peak at
393 K. In contrast to the CO; desorption behavior on
the fresh APTS—=5BA-135, the regenerated AFTS=-SBA-
15 in Figure 7b exhibited a rapld decrease In IR
intensity of the bidentate bicarbonate band at 1634 em™!
which resulted in the frst C0; desorption peak at 330
K. The rest of the CO; adsarbed species desorbed, giving
a peak at 370 K.

The area under the CO; TPD profile corresponds Lo
the amaunt of desorbed COs from the APT5-5BA-15
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Figure 9. (a) Infrared spectra of C0; adsorption on the
regenerated APTS—5BA-15 and (b) TR intensity profile for
adsorbed CO; spocies,

in Table 3. Regenerated APTS—SBA-15 by TPD in He!
H:O Mow exhibited a higher COp adsorption/desorption
capacity than those regencrated by TPD in only He. The
enhanced COy adsorption capacity on the sorbent re-
generated by TPD in He/Hz0 can be understood by the
fact that M0 is needed to react with COgz to produce
carbonate and bicarbonate as shown in reactions 4—6.
The €Oy adsorption capability (gmal-COx/g-sorbent) of
the APTS~5BA-15 reported in Table 3 is about one-
third of that of the commercial solid-polymer amine
sorbents.®® Further increase in the surface area of SBA-
15 from 200 to 230 to BOO—1000 méfg will allow
increasing the number of grafted APTS to bring the Tk
sorption capacity above that of commercial solid-amine
sorbents.

The COy desorption behavior during the TPD in He!
H;0 is shown in Figure 8a and 8h. CO;z desorption
yielded only one peak. Comparison of the CO: TPD
profile in Figure 8a and b shows that repeated adsorp-
tlonfdesorption of CO; shifted the peak temperature
from 373 to 356 K and increased the amount of CO;
adsorbed/desorbed (Table 3). The peak temperature and
half width of the peak can be used w obtain the heat of
L0z desorption.®® The downward shift in peak temper-
ature reflects a decrease in the heat of COs adsorption.
The decrease in heat of CO; adsorption may be related
to the type of adsorbed species. There are more biden-
tate carbunate species on the twice (2nd)-regenerated

(22] Krishnamurthy, R Chuang, 5, S, C. Thermochim,. Acra 1995,
262, 215=225,



Cl Adsorpefon on SBA-15 Grafee wich AFTS

APTS—5BA-15 than the sample regenerated once.
Figure 9 shows the COx adsorption behavior on the
singly(1st}-regenerater] APTS—SB4-15; the correspaonel-
Ing CO; desorption profile {s shown in Figure 8b. The
adsorbed CO; species on the singly regenerated APTS—
SBA-15 led to [R bands at the same wavenumber as
those on the fresh APTS—SBA-15 in Figure 4. The major
differenice among these solid amine sorbents is that they
adsorbed different amount of bidentate carbonate and
bicarbonate.

Regeneration of the C—H streteh bands at 2852 and
2932 cm™! and N-H at 3372 em™" during CO; desorp-
tion from the fresh APTS—SBA-15 in Figure 6 has also
been observed far all of the APTS—5BA-15 sorbent. The
rise in the C—H and N- H intensity corresponds to the
decrease in carbonate and bicarbonate intensity in
Figures 7 and 8, indicating the reversibility of the
interaction between grafted RNHy* and carbonate/
bicarbonate. These interactions appear to be weakengd
in the presence of Ha0, as evidenced by the lower COs
desarption peak temperature during TPD in He/H:0
flow. The heat of COz desarption decreased from 6 to
10 kJ/mal during TPD in He flow to 3—4 kJ/mol during
TPD in He/Hz0 fow. Close examination of the OH
bands at 3750 cm~" and CO; desarption profile shows
thal there is no relationship betwesn intensity of the
OH group and heat of CO; desorption.

Conclusion

The present study provides a novel approach for the
preparation of hiph efficiency solid COs sorbents. APTS

provides silane to bind amine on the SBA-15 surface.
The large uniform pore size of S5BA-15 facilitates CO:
diffusion inside of the pore, allowing rapid CO, adsorp-
tion on the surface amine sites, SBA-15 contalning
APTS can adsorb up to 400 wmollg of COs COz was
found to adsorb on the amine sites in the form of
carbonate and bicarbonate. Thess species desorb as COy,
giving peak temperature between 356 and 393 1. The
adsorption capacity can be further enhanced by regen-
eration of the sorbent in He/Ha0 fow. Repeated CO,
adsorption and serbent regeneration studies showed
that amine grafred on SBA-15 exhibited hydrothermal
stability and allowed repeated use without loss af CO;
capture capacity. Since the SBA-15 used in this sludy
has a surface area of 200230 m#/g, further increase in
the surface area of SBA-15 could bring the CO. sorplion
capacity up to the level for economic separation of COz
from the [lue gas.
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